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Rate coefficients are reported for the gas-phase reaction of the 
hydroxyl radical (OH) with 1,1-dichloroethylene (ku) and trans-1,2- 
dichloroethylene (k1i2) over an extended temperature range at 740 ±10 torr in 
a He bath gas Absolute rate measurements were obtained using laser 
phtolysis/laser induced fluorescence (LP/LIF) technique under slow flow 
conditions. Rate measurements for ku exhibited complex behavior with a 
negative temperature dependence at temperatures below 640 K and a rapid 
fall-off in rate at higher temperatures (650-750 K). The simple Arrhenius 
equation adequately describes the data below 650 K and is given by (in units 
of cm3 molecule'1 s'1):
ku(291-640 K) =(1.81 ± 0.36) x10'12 exp[(511.3 ± 71.0)/T]
iii
Rate measurement for ki 2 also exhibited complex behavior with a near-zero 
or slightly negative temperature dependence below 500 K and a near-zero or 
slightly positive temperature dependence above 500 K. The modified 
Arrhenius equation adequately describes all of the data and is given by (in 
units of cm3 molecule'1 s'1):
k 1.2 (293-720 K)=(1.11 ± 0.14) x 10'17T1 -72± 05 exp(720.2 ± 49.4)/T
Error limits are 2a value. The room temperature values for ku and k12 are
within ±2a of previous data using different techniques.
Kinetic reaction modeling using the composite level ab initio calculation 
method, G3(MP2), and Density Functional Theory (DFT) B3LYP/6- 
311+G(3df,2p)//B3LYP/6-31G(d) were used to calculate thermodynamic 
properties of reactants, intermediate radicals, transition states (TSs), and 
products with the Gaussian94 and Gaussian98 computer codes to more fully 
understand the chemical reaction of trans-1,2-CHCI=CHCI with OH radicals, 
and to provide accurate high pressure limit rate parameters for the QRRK 
modeling. No overall pressure dependence was observed and the Cl
elimination channel was the dominant mechanism for this reaction.
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The chlorinated ethylenes are widely produced and used toxic organic 
chemicals. Vinylidene chloride (1,1-dichloroethylene) is used industrially for 
the production of polyvinyl-dichloroethylene (PVDC) and 1,1,1- 
trichloroethane. It was produced at a rate of 200,000 metric tons in 1985 [1], 
Vinylidene chloride is used as intermediate in the manufacture of polymers, 
1,2-dichloroethylene is produced as an industrial side product, while the other 
chloroethenes are used as commercial solvents. The integrated Risk 
Information System of EPA [2] classified vinylidene chloride as a possible 
human carcinogen.
Large quantities of these compounds are emitted into the environment 
from waste chemical dumps and landfills. It has been estimated that -20% of
the total hazardous organic wastes released into the atmosphere are in the 
form of chlorinated hydrocarbons (CHCs) [3], These compounds are 
degraded in the atmosphere predominantly by homogeneous gas reactions. 
The degradation processes are essentially initiated by the reaction with 
hydroxyl radicals, reaction with ozone or direct photolysis by sunlight [4] in
troposphere. However chloroethenes do not absorb radiation at wavelengths 
< 300 nm to any significant extent and they react slowly with NO3 radicals and 
O3 in the gas phase [5], [6]. Therefore, reaction with OH radicals is expected 
to be the dominant primary step for this class of compounds.
In order to assess the environmental and health impacts of these toxic 
compounds via airborne routes, a number of studies have been reported to 
determine their atmospheric reactions and investigate whether the products of 
these reactions have greater or lesser toxicity than the parent compounds. 
The reaction rates of 1,1-dichloroethylene and trans-1,2-dichloroethylene as 
well as the reaction rates of other chloroethene compounds were determined 
in previous studies over the temperature range 240-440K [1,7,8,9]. The 
reaction mechanism is presumed to be addition to the n electrons associated
with the C=C double bond.
Experimental and modeling studies [10,11] have shown that the best 
available technology for the safe disposal of these toxic compounds is high 
temperature incineration. However, with the exception of vinyl chloride [12] 
there is a lack of reliable OH rate data for the chloroethenes at temperatures 
approaching those in the flame and post-flame environment. This is because 
the previous studies [7-9] focused on the atmospheric reactivity of these 
compounds and typically encompassed a temperature range of 250 to 400 K. 
Therefore, information regarding the reaction rates and reaction mechanisms 
of OH with chloroethenes for an extended temperature range is essential to
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both predict the natural decomposition, and determine appropriate disposal 
practices.
This work resulted in high-precision rate coefficients for the reaction of 
OH with both 1,1-dichloroethylene (k^) and trans-1,2-dichloroethylene (k1i2) 
over an extended temperature range (298 - 750 K):
1,1-CH2=CCI2 +’OH products (ki.i)
trans-1,2-CHCI=CHCI + ’OH -> products (ki,2)
A modified laser photolysis/laser-induced fluorescence technique was used to 
collect these data under atmospheric pressure, slow flow, single reaction 
conditions in the absence of reactant thermal decomposition. Two and three 
parameter Arrhenius coefficients were determined empirically for both trans- 
1,2-CHCI=CHCI and 1,1-CH2=CCI2. The predicted mechanisms for trans-1,2- 
CHCI=CHCI were verified using ab initio calculations to define the activated 
complexes and transient states, and thus predict the most likely path and
products.
This thesis will include: 1) absolute rate measurements of the OH
reactions with 1,1-CH2=CCI2 and trans-1,2-CHCI=CHCI over an extended 
temperature of 298-750 K , 2) a summary of available data for these 
compounds, 3) a description of the experimental system, and 4) the results of 
ab initio modeling (prediction of the thermodynamic properties of the 




The reaction kinetics of the hydroxyl radical with 1,1-dichloroethylene 
and trans-1,2-dichloroethylene has been investigated in previous work at the 
temperature range between 240 to -440 K and measured at pressures 
ranging between 0.5 and 7 torr. Various techniques have been employed in 
the measurement of these reported rate constants. This review will present 
the experimental methods used in the previous work and the experimental 
results obtained, including relative and absolute rate measurements.
A. Absolute Rate Techniques
Discharge Flow (DF Technique)
1. DF-RF (Discharge Flow - Resonance Fluorescence)
Abbatt and Anderson [7] used this technique to study the behavior of 
the gas-phase reactions of the halogenated ethenes with OH radicals 
including the reaction of both 1,1-CH2=CCI2 and trans-1,2-CHCI=CHCI. It 
consists of a high-pressure discharge flow tube with fully developed bulk flow 
and a radially symmetric OH concentration profile to prevent rapid diffusion 
thus providing a small radial OH concentration gradient.
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Kinetics were performed in the reaction zone of the tube with a dimension of 
12.4-cm wide and 1.2-m long. The radical velocity profile was measured by 
using a static probe mounted at the rear of the reaction zone. OH radicals 
were produced upstream of the reaction zone by the reaction of hydrogen 
with nitrogen dioxide:
H + NO2 -> OH + NO
with k = (7.7 ± 1.5)-1013 cm3 mor1s'1 at 298 K. With an excess of NO2 
([N02]o/[H]o) ~ 10), H atoms were generated from the H2 gas using a 
microwave-induced high pressure He plasma. NO2 was added within the 
injector to produce OH radicals which were then injected directly to the 
reaction zone by four needlelike injectors oriented symmetrically about the
diameter of the flow tube. The maximum OH concentration measured in the 
center of the flow was ~2x101° molecules cm'3. The full radial profile of the 
OH concentration was measured by using laser-induced fluorescence at five 
downstream axial positions. The bulk flow was recycled after leaving the 
reaction zone by passing through a return path in which an absorption cell 
was used as a light source to monitor the concentration of the excess 
reagent. The data were taken by observing the OH axial decays at the center
of the flow tube.
2. DF-MS (Discharge Flow - Mass Spectrometric Detection)
Kirchner [1] used the same discharge flow technique but a different
apparatus design and different data detection method to study the reaction of
s
1,1-CHCICHCI with OH radicals. OH was produced upstream of the reaction 
zone by the reaction of hydrogen with nitrogen dioxide:
H + NO2 -> OH + NO.
The data reduction procedure takes into account the recombination of 
[OH]. All gases were injected by means of two movable inlet tubes arranged 
coaxially to the flow tube with He as a carrier gas for H2. A portion of the 
hydrogen gas (~5 to 10%) is dissociated by a microwave discharge of 2450 
MHz. The resultant mixture of He, H, and residual H2 then pass directly into 
the reactor. NO2 enters the system through an outer inlet tube while the 
hydrocarbon under study enters through a tube positioned within this NO2 
entry point. OH formation takes place in the zone just downstream of the NO2 
stream. The organic exit point could be adjusted to vary the reaction zone.
The outlet gases were collected and directed into the ion source of a 
mass spectrometer. The mass spectrometer measured the OH and 
chlorinated hydrocarbon loss, as well as other product formation, as a 
function of time. The detection limit of [OH] was about 10'13 mol cm'3, with a 
maximum resolution of 10,000 (10% valley). The pressure in the reactor was 
measured by means of two movable manometers within a range of 1 to 6 torr. 
A NiCr-Ni thermocouple was located in the inner tube to measure the 
temperature. With this technique, OH and chlorinated hydrocarbon loss as 
well as product formation curves were measured as a function of the reaction 
time and with variation of several parameters (P, T, [OH]0, [CHC]o/[OH]0,
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emission current, electron energy). For the product analysis, low-resolution 
and high-resolution spectra were recorded.
3. Flash Photolysis (FP Technique)
Zhang and Liu used this method [8] to carry out rate measurements 
over the temperature range 240-400 K. Reaction mixtures containing the 
chloroalkene, Ar, and H2O were prepared and flowed through a double-walled 
Pyrex reaction cell at a typical total pressure of 35 torr. OH radicals were 
produced by the flash photolysis (a > 165 nm) of ~0.1 torr of H2O by the 
following mechanism:
H2O + hv -> OH + H
and monitored in real time following the flash by resonance fluorescence 
using a photomultiplier tube. The organic to be tested entered the reaction 
chamber, reacted with the OH, and [OH] was measured over time in order to 
determine the rate constant. In all experiments, the concentration of the 
stable reactant was in great excess over that of the OH so that first-order 
kinetic decay was recorded on a microprocessor based multichannel scaler,
and the results from at least 100 flashes were summed. The raw data were
reduced by weighted linear least-squares analysis to derive the first-order OH 
decay rate. For each set of experimental conditions, several determinations 
were made. Decay rates were determined at several reactant partial 
pressures, and second-order rate constants were derived from weighted 
linear least-squares fits of plots of first-order decay rates versus reactant
concentration.
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This technique involves a “slow flow” of reactant gases through the 
optical cell. The flow rate of the reactant gases is an important experimental 
variable, which must be carefully controlled. If the overall flow is too slow, the 
buildup of photolysis and reaction products will impact the results. However, if 
it is too fast, the reactants may move out of the cell before their reaction can 
be observed. The “slow flow” technique also helps in minimizing reactant 
losses to the walls of the reactor by permitting equilibration of the reaction 
system. There are several benefits to this technique. Higher temperatures 
may be reached because wall loss of OH precursors and substrates is 
minimized. Higher pressures may be tested with sufficient sensitivity. 
Furthermore, the LP-LIF variant does not require the same level of OH 
production that the other methods require, thus reducing secondary reactions 
due to high initial OH concentrations. There have been other substrates used 
to produce OH through flash or laser photolysis, including HNO3, N2O, H2O2, 
HONO, and O3.
B. Relative Rate Technique
Tuazon et al. [9] used this technique to obtain data for 1,1- 
dichloroethylene and trans-1,2-dichloroethylne under conditions where any Cl 
atoms generated in the OH radical reactions were scavenged. Hydroxyl 
radical rate constants were determined using a relative technique in which the 
decay rates of the dichloroethenes were monitored relative to that of a 
reference organic, e.g. dimethylether, in the presence of OH radicals.
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Photolysis of methyl nitrite in air at wavelength A > 300 nm was used to 
generate the OH radicals, as shown in the following reactions:
CH3ONO + hv -> CH3O + NO
CH3O + O2 -> HCHO + HO2
HO2 + NO —> OH + NO2.
Ethane was added to the reactant mixture in concentrations sufficient to
scavenge any Cl atoms generated. Providing that reaction with the OH 
radicals was the sole loss process for dimethyl ether and chloroethenes, then
the ratio of the reacted chloroethene with OH radicals to that of reacted
CH3OCH3 is given by the following relation.
In{[chloroethene]to/[chloroethene]t} =
ki/k2 ln{[CH30CH3]to/[CH3OCH3]t}
where [chloroethene]to and [CH3OCH3]to are the concentrations of 
chloroethene and CH3OCH3i respectively, at time t0, [chloroethene]t and 
[CH3OCH3]t are the corresponding concentrations at time t, and ki and k2 are 
the rate constants for the following reactions:
OH + chloroethene -> product
OH + CH3OCH3 -> product
The disappearance rates of CH3OCH3, 1,1-dichloroethylene, and trans-1,2- 
dichloroethylene were monitored by FT-IR absorption spectroscopy during the 
irradiation of CH3ONO-NO-chloroethene-CH3OCH3-air and CH3ONO-NO-
chloroethene-CH3OCH3-ethane-air mixtures with reaction times about 30 to
9
60 min. A straight line with a slope of ki/k2 and zero intercept was obtained by 
plotting
ln(chloroethene concentration ratio) vs. ln(CH3OCH3 concentration ratio).
The experimental apparatus used to conduct the kinetic studies was a 
5800-liter evacuable Teflon-coated environmental chamber, connected to a
multiple reflection optical system interfaced to an FT-IR absorption 
spectrometer. Synthetic air was employed as a diluent gas. The absorbance 
spectrum of the reactant at t=0 was used as a reference for the succeeding 
spectra to derive the concentration ratios.
C. Literature Data for 1,1 -CH2=CCI2 and trans-1,2-CHCI=CHCI
The published studies of the gas-phase reaction of the hydroxyl radical 
with 1,1-CH2=CCl2 and trans-1,2-CHCI=CHCI have been obtained over a 
limited temperature range (240-440 K). All of these data are tabulated in 
Table 1 and Table 2 and plotted in Figure 1 and Figure 2 for 1,1- CH2=CCI2 
and trans-1,2-CHCI=CHCI, respectively. It is clear that at room temperature, 
the results of the studies reported by Kirchner et al. [1], Zhang et al. [8], and 
Abbatt and Anderson [7] for the reaction of OH with 1,1-CH2=CCI2 agree well 
with each other (see Table 1 and Figure 1). However, at 360 and 400 K the 
rate measured by Zhang et al. is twice as high as that measured by Kirchner 
et al., resulting in a much larger negative temperature dependence with an A- 
factor about 10 times larger for the latter study. The same investigators 
results for the reaction of OH with trans-1,2-CHCI=CHCI (see Table 2 and
io
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Figure 1. Arrhenius plot of previous kinetic data for ki,-».
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Figure 2) agree well with each other over the entire temperature range (240- 
400 K). It is also clear that the data obtained at room temperature by relative 
rate technique is statistically the same as that obtained by direct methods for
both reactions.
Table 2
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Figure 2. Arrhenius plot of previous kinetic data for ki ,2.
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The effect of total pressure on the observed room-temperature second- 
order reaction rate constant of OH with trans-1,2-CHCI=CHCI was studied by 
Zhang et al [8]. Table 3 shows the absence of any apparent pressure 
dependence of the rate constant.
Table 3
2nd-order Rate Constant for k1>2 as a Function of Pressure





The data obtained previously indicate a slight negative temperature 
dependence for both trans-1,2-CHCI=CHCI and 1,1-CH2=CCl2, respectively, 
over the temperature range studied 240-400 K. This negative temperature 
dependence was interpreted by Kirchner et al [1] as evidence of chemically 
activated adduct which can decompose into the reactants OH and CHC or 
react to give products in various ways. When comparing the room 
temperature rate constants for the two reactions, ki,2 has values less than ku
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by a factor of ~4. This difference was explained by the study made by Zhang 
et al [8] in which they compared the results of the rate constants obtained at 
room temperature for the 1,1 and 1,2-dichloroethenes as well as for the other 
chloroethenes (see Table 4). They suggested that the substitution of a single
chlorine to ethene leads to a small reduction in the OH rate constant.
Substitution of two chlorines at the same carbon atom of ethylene increased 
the rate of OH addition by activating the reaction at the adjacent carbon. 
Single chlorines on both carbons decreases the rate of addition, with 
additional chlorine substitution further decreasing the rate of OH addition. And 
finally, for tetrachloroethylene, with four chlorine atoms, the rate constant for
the reaction with OH is about 0.02 times that for ethane.
Table 4
Room Temperature Rate Constants for the Reaction
of OH with Various Ethenes










All experiments were performed with the laser photolysis/laser-induced 
fluorescence (LP/LIF) technique (see Figure 3). It is the same method with the 
same experimental procedure used in the previous studies [13]. The major 
advantages of this technique are: (1) capability to measure reaction rates over an 
extended temperature range, (2) generation of clean source of OH radicals, (3) 
capability to provide atmospheric pressure measurements, and (4) identification 
of secondary, photolysis based reactions. The principal components of the 
apparatus are: (1) a resistively heated, quartz optical test cell that permits data to 
be acquired from room temperature to 1000 K, (2) an excimer laser photolysis 
source, (3) a pulsed Nd:YAG pumped dye laser used as the probe beam source 
for OH radicals excitation and fluorescence, (4) a band pass filter and 
photomultiplier combination for detection of red-shifted laser-induced 























Figure 3. Schematic drawing of the LP/LIF apparatus
Quartz Optical Test Cell
The optical test cell, hereafter referred to as the reactor, see figure 4, 
consists of four horizontal and one vertical cylindrical tubes and an injector 
probe. The construction material of this reactor is quartz to allow acquiring data 
at a maximum temperature of ~1300 K. It was designed such that the pump and
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probe lasers intersect at the center of the reactor with optical access for the 
photomultiplier tube. The center of the optical cell is surrounded with a 
thermoelectric heater that is fitted with a feedback, time proportioning 
temperature controller. However, at the present time, the temperature control is 
manual due to the large swings in temperature (e.g., ±35 K at 500 K) observed in
the PID readings above 500 K for each 50 K temperature increment. 
Temperature is measured with a chromel/alumel thermocouple positioned ~2 mm
from the reaction volume (the cross-sectional interaction volume of the pump and 
probe beams). Calibration of the reaction zone temperature versus the 
temperature set point was performed by using a second thermocouple capable of 
being positioned at a particular location within the reaction zone. A maximum 
variation of ±3 K was observed (see Figure 5). The reactor and heater were
wrapped in quartz tape and surrounded with sections of refractory insulation. 
The insulated reactor was then installed in an aluminum housing and placed on a 
support that permitted fine x-y translational control to allow optimization of the 
optical detection of the fluorescing OH radicals. Brewster windows made of 
Suprasil 1, which has excellent transmission characteristics in the UV, had been 
installed previously [14] to reduce the background noise associated with the 
probe laser and increase the accuracy of the k’ (the pseudo-first-order rate 
coefficient) measurement.
19
Figure 4. Schematic drawing of the reactor. The Nd:YAG dye laser beam and 
Excimer laser beam intersect in the center of the reactor.
Figure 5. Reaction zone temperature calibration.
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Excimer Laser Photolysis System
A pulsed (10 Hz) Lambda Physik Compex Model 102 excimer laser was 
utilized to generate the OH radicals from various precursors. This laser 
generates intense pulses of radiation at wavelengths ranging from the ultraviolet 
to the visible, depending on the gas mixture used, see Table 5, as the lasing
medium.
Table 5















































































This particular laser operates via transverse electrical excitation of the lasing gas 
mixture, which allows a large amount of energy to be deposited into the gas 
under high pressure.
OH radicals were produced by photolysis of nitrous acid using a 
wavelength of 351 nm (XeF gas mixture) through the following reaction:
HONO + hv (351 nm) -> OH + NO
where hv is the photon energy (351 nm) for laser photolysis to break the bond
between the oxygen and the nitrogen. HONO dissociates primarily into NO and 
OH. A competing dissociation channel, production of NO2 and H atoms, has 
been observed to be negligible under similar experimental conditions [15]. The 
most recent published value of the absorption cross-section of the HONO 
molecule is 1.54 x 10'19 cm2 molecule"1 at this wavelength at 298 K [16]. The 
initial concentration of OH radicals was determined from the measured excimer
fluence using the following equation [8].
kexc = c sX<D(P/A) (1)
where : kexc = rate of excitation of HONO (s'1)
c = 8.36 x 10'2 (constant conversion factor in mol J'1 cm'1) 
s = cjNa, absorption coefficient of HONO at a particular
temperature (cm2 mole'1)
ct = absorption cross section for HONO at a particular 
temperature(1.54 x 10'19 cm2 molecule'1 at 351 nm 
and 298 K) [16]
Na = Avagadro’s number (6.022 x 1023 molecules mole'1)
X = photolysis laser wavelength (351 nm or 3.51 x 10"5cm)
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® = quantum yield of the reaction (1.0) [18]
P = power of photolysis pulse per second; with a duration of 25
ns, and an energy input of 15 mJ, this value is 6.0 x 105 J sec"1 
A = area of photolysis beam (1.77 cm2)
kexc = 9.22 x 104 s’1.
The rate of disappearance of HONO is written as:
dfHONOl = kexc [HONO], (2)
dt
Solving this differential equation results in an exponential decay of the form: 
[HONO]/[HONO]0 = exp(-kexc t) (3)
where t = 25 ns is the length of laser pulse and [HONO]0 is represented by the 
experimentally determined [NO2] value using ion chromatography. Subsequently, 
the expression for the calculation of produced OH radicals within the system is
written as follows:
[OH]0 = [1 - [HONO]/[HONO]0] [HONO]0 (4)
which is equal to:
[OH]0 = [1- exp(-kexct)] [HONO]0 (5)
By substituting in the values for t (2.5 x 10'8 s) and keXc =(9.22 x 104 s"1), the 
resulting value for [OH]0 are:
[OH]0 = (1 - 0.9977)[HONO]0 (6)
or [OH]0 = 2.3 x 10'3 [HONOJo . (7)
Based on experimentally measured NO2 concentrations (see Table 6), The 
concentration of OH radicals was calculated to be within the range of 5.0 x 1011 





Ion Cl no2 no3
PPm
Min <0.05 14.75 <0.05
Max 0.21 32.37 0.47
Nmol/
Min.
Min <0.35 80.16 0.23
Max 1.48 175.92 2.21
Molec/
__3cm
Min <9.5x1011 2.19x1014 6.29x1011
Max 4.05x1012 4.81x1014 6.04x1012
At these high HONO concentrations, room temperature OH decay rates 
were excessively high (>500 s'1). At low temperatures, experiments were 
typically conducted at much lower HONO concentrations yielding initial OH 
concentrations on the order of 3 - 9 x 101° molecules/cm3. This yielding 
acceptable OH decay rates of 100-300 s'1. These decay rates were confirmed 
through simple kinetic modeling of the HONO reaction system at room 
temperature using the React software. This modeling demonstrated the OH 
reaction with HONO was the dominant source of OH decay.
Nd:YAG Pumped Dye Laser Probe System
The same Quanta Ray model DCR-1/PDL-2 pulsed (10 Hz) Nd:YAG 
pumped dye laser (564.2 nm) was used as the probe beam source which, after
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shifting and doubling, produced a beam of wavelength 282.15 nm to probe the 
hydroxyl radicals.
Hydroxyl Radical Detection System
The photons released by the fluorescing decay of the OH radicals were 
collected and amplified by the photocathode of an RCA C31034A 11-stage PMT 
which is located at the top of the optical reactor. An f/6 lens was used to focus
the fluorescence radiation at the detection window of the PMT. A narrow
bandpass interference filter was installed between the PMT and the f/6 lens to 
discriminate the 306.4 nm fluorescence from the probe and pump lasers. Two 
other color filters were installed to reduce the background signal from the probe 
laser (WG 305) and infrared background radiation from the heating elements. An 
electronic time delay system between the two lasers was used to generate the 
millisecond time-scales for the experiment [19]. The separately triggered pulses 
of the dual-laser system were first calibrated on the same time scale. After 
accounting for inherent delays of 3.13 ms in the excimer and 2.0 ms in the probe 
laser, the electronic pulse of the excimer laser was fixed as the origin of the time 
frame for each run. The probe laser was fired at a particular time after the pump 
laser, with the time difference between the two lasers gradually increasing.
Signal conditioning was performed by a gated integrator and boxcar 
averager (SRS Model 250) and computer interface (SRS Model 245) 
combination. With the coordinated triggering of the pump and probe lasers, the 
output from the optical reaction volume was detected by the PMT, with the PMT 
current converted to a voltage value, averaged, and stored on a PC. The PC
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counts the predefined number of iterations and steps the time delay by the pre­
programmed increment. This sequence is repeated until the final time delay is 
reached. Typical initial and final time delays were 0.3 ms and 20.0 ms with a 100 
ps (0.1 ms) time delay increment. The number of points averaged per delay time
was normally 30.
Description of Gaseous Flow System
Gaseous HONO was produced by the reaction of gaseous HCI with solid 
NaNO2 in a continuous stirred tank reactor using the technique reported by Febo 
et al. [20], Helium, at a flow rate of approximately 120 ml min'1 passed through a 
3.0 meter length of Teflon tubing of 1.55 mm ID and 2.1 mm OD (0.085” x 0.062”) 
immersed within a 2.5 L bottle of concentrated HCI [13], Concentration
differences between the two sides of this thin walled tube drove diffusion of HCI
gas from the 12.1 molar solution into the He gas stream. This He/HCI gas stream 
was then mixed with a water/helium line entering at a flow rate of approximately 
82 ml/min. HPLC grade water entered this stream by bubbling the helium through 
an impinger. The presence of water was necessary to facilitate ionic dissociation 
of the reactants, HCI and NaNCh, to form HONO and NaCI as follows:
HCI(g) + NaNO2(S) -> HONO(g) + NaCI(S)
The combined gas stream entered the bottom of a gas washing bottle functioning 
as a reactor. Approximately 5 grams of sodium nitrite (NaNO2), industrial grade, 
placed on a frit was stirred vigorously with a magnetic stir bar placed in a flat- 
bottomed bottle suspended over a stir plate. A 50°C temperature was
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maintained using heating tape attached to a variable transformer power source 
for manual control.
The flow rates of the gases were controlled by differential flow controllers. 
The total flow out of the reactor was measured both before and after the series of 
runs with a soap film flow meter. The combined gas stream, including 
He/HONO/organic/residual H2O/residual HCI, entered the reactor through an 
injector tube, with the outlet positioned ~5 mm below the detection volume. The 
reaction of the hydroxyl radical with the chlorinated hydrocarbon occurred within 
the probe intersection volume where the pump and probe laser beams crossed.
The reaction occurred under slow flow conditions.
The concentration of sample reactant in the reaction zone was calculated 
using the following expression:
[G]o = (Asyr/QtotXPNA/RTXPsamp/Ptot) (8)
where
[G]o = sample organic concentration (moleculecm'3) 
qsyr = syringe pump flow rate (cm3 min'1)
Qtot = flow rate of all gasses through the cell (cm3 min'1)
P = ambient pressure (atm)
Na = Avogadro’s number(6.022 x 1023 molecmole'1)
R = gas constant (82.06 cm3atmmol'1K'1)
T = reaction zone temperature (K)
Psamp = Organic sample bulb partial pressure.(torr)
Ptot = Organic sample bulb partial pressure + ambient pressure (torr)
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The organic entered the system via a calibrated syringe pump (Sage 
Instruments, 341B) with flow rates varying between 0.100 to 4.21 mi min'1, 
corresponding to settings of 1 to 11 of the instrument.
To obtain the desired sample bulb pressure, Psamp, the required organic 
injection volume was given by the following equation:
Vinj (cm3) = C (Psamp/Ptot) (bulb vol x Ptot/760RT) (9)
where:
C = number of cm3mol'1 for sample at room temperature and pressure 
Psamp = desired sample bulb partial pressure (torr)
Ptot = total bulb pressure (torr)
R = gas constant (0.08206 L atm mol'1K'1 
T = room temperature (K)
Bulb vol = volume of sample bulb (1.078 L)
760 = conversion factor between torr and atm
The constant C in the equation was determined by the ratio of the molecular 
weight to the density of the liquid sample.
Table 7 summarizes the specifications of the LP-LIF system used in this study.
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6 mm x .067 mm
Precursor and HONO 2.19 x 1014 - 4.81 x 1014
Reactant OH0 7.01 x 1011 -1.53x 1012
Concentrations
(moleculesml'1)
CHC 2x 1013-8x 1014
Data Acquisition Time Range
Time Delay Increment
Data Points per Delay
Data Points per 
Experiment






EXPERIMENTAL RESULTS AND DATA REDUCTION
Data Analysis and Reduction
The equations describing the reactions of OH radicals with 1,1- 
dichloroethylene and trans-1,2-dichloroethylene are shown below:
CH2=CCI2 +’OH-> products (ku)
CHCI=CHCI +’OH-> products (ki,2)
When the concentration of the chlorinated hydrocarbon (CHC) is much 
greater than the concentration of the OH radicals, [OH], a pseudo-first-order 
reaction of the OH radicals occurs and is given by:
-d[OH]/dt = k[A0][OH] + kd[OH] = k’[OH] (10)
where:
k = bimolecular rate constant 
Ao = sample organic concentration
kd = first order rate constant for the reaction of OH with HONO and 
includes diffusion out of the reactor volume 
k = k[A0]+kd, is the pseudo-first-order rate coefficient
This relationship holds in the absence of any secondary reactions that may 
form or deplete OH. Solution of this equation yields [OH] = [OH]o exp(-kt).
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For all experiments reactive and diffusive OH radical decay profiles exhibited 
exponential behavior and were fitted by the following nonlinear expression:
[OH] = [OH]o exp(-kt) + r (11)
where r is the constant background signal level and t is the time delay
between the two lasers. Because the organic concentration is much greater 
than the [OH] (greater by a factor of -100 to 1000), pseudo first-order 
exponential OH decays were observed and the individual temperature 
dependent rate constants were determined by the following equation:
k = k [organic] + kd
where the bimolecular rate constant, k, is the slope of the least squares fit of 
k versus the organic concentrations. Figures (6) and (7) illustrate plots of k’- 
kd versus concentration for trans-1,2-CHCI=CHCI and 1,1-CH2=CCI2 at 
several different reaction temperatures. Initial substrate concentrations in the 
reactor, based on measured flow rates, ranged from -1 x 1013 to ~4.5 x 1014 
molecules cm'3. All experiments were conducted at a total pressure of 740 ± 
10 torr. Samples of 1,1-CH2=CCI2 and trans-1,2-CHCI=CHCI were obtained 
from Aldrich with 99.9% purity.
Rate data were obtained from ambient temperatures to -750 K, under 
atmospheric pressure conditions. OH signals were obtained at higher 
temperatures, however, a rapid OH consumption channel occurring on the 
time scale of 1 ms prevented further measurements. This competing OH 
consumption pathway was only observed above 720 K with the addition of the 
organic compound. Gas-phase thermal decomposition of both 1,1-CH2=CCI2
31
and trans-1,2-CHCI=CHCI has been shown to be negligible at these 
temperatures (gas-phase residence times « 1 s) [21], A surface-mediated 
decomposition process resulting in the production of chlorinated radicals is a 
plausible explanation for the rapid OH consumption observed. In an attempt 
to the increase the magnitude of the OH signal at high temperatures (> 720
K), a higher overall flow rate was applied and the OH signal was increased.
[1,1-CH =CCy molecules/cm3
Figure 6. Plot of pseudo first-order rate constants (k^k-kd) as a function of 
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[1,2-CHCI=CHCI] molecules/cm3
Figure 7. Plot of pseudo first-order rate constants (k2=k-kd) as a function of 
[1,2-CHCI=CHCI] at various experimental temperatures. Error 
limits are ±2ct
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Absolute Rate Coefficient of the reaction OH with 1.1-CH2=CCb
The absolute rate coefficients (ku) for the reaction of OH radicals with 
1,1-CH2=CCl2 have been obtained over an extended temperature range 
between 291 and 750 K, and are listed in Table 8 and shown in Figure 8. 
Random error limits (±2ct) are less than 10% in most cases and do not
include uncertainty associated with possible systematic errors. These 
systematic errors are estimated to be in the range of 5 - 10%, with probable 
sources: temperature measurement (1-3%), atmospheric pressure 
measurement (1-2%), partial pressure measurement (function of volume of 
organic injected 2-3%), and total flow rate (1-2%).
The previously collected data for this reaction by other investigators 
[1,7,8,9] has not been conducted at temperatures greater than 440 K as 
shown in Table 1 and Figure 1. The rate coefficient measurements of this 
work exhibited complex behavior with a negative temperature dependence at 
temperatures below 640 K and a rapid fall-off in rate at temperatures between 
680 and 750 K. At low temperatures, excellent agreement (±10% deviation)
with most of the previous data was observed. However, at 400 K, this work as 
well as the data reported by Zhang et al. [8] and Abbatt and Anderson [7] are 
about twice the rate measured by Kirchner et al [1],
The measurements of Kirchner et al. [1] were obtained under low 
temperature (298-432 K) and pressure conditions (0.4 - 4.3 torr). The 
observed product distributions were complex and indicated that Cl elimination 
was insignificant. The mass spectral ions were furthermore indicative of a
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reaction mechanism involving primarily OH addition to the CH2 side of the 
substrate. Chlorine elimination is only expected when the OH radical attacks 
the chlorine substituted carbon atom or migrates there from the CH2 site. No 
pressure effect was observed in their study at room temperature. However, 
the discrepancy in the temperature dependence at 400 K suggests that at 
higher temperatures the reaction may have been in the fall-off region 
(pressure-dependent).
Table 8
Absolute Rate Coefficients (ku)for OH + 1,1-CH2=CCI2
T(K) lO^kuH 11
(cm -molecule’ -s’)
T(K) 1012-ku(cm3-molecule’1 - s’1)
291 10.010 ±0.499 550 4.453 ±0.215
292 9.844 ±0.184 600 3.958 ±0.299
340 8.705 ±0.187 640 4.144 ±0.390
378 6.652 ± 0.430 680 1.055 ±0.094
383 6.674 ± 0.385 700 0.194 ±0.008
390 6.797 ±0.312 720 0.225 ±0.017
440 5.702 ± 0.406 740 0.459 ± 0.022
500 4.904 ±0.271 750 0.365 ±0.066
The two-parameter Arrhenius fit to the data between 291-640 K yielded: 
k1>1(T)=(1.81 ±0.36) x10'12exp{(511.32 ± 71.0)/T}











Figure 8. Arrhenius plot of kinetic data for ki j. Also shown are the results of 
previous studies, and a “best fit” Arrhenius expression. Error bars 
denote ±2cr
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Absolute Rate Coefficient ki? of the reaction OH with trans- 1.2-
CHCI=CHCI
The absolute rate coefficients (kii2) for the reaction of OH radicals with 
trans-1,2-CHCI=CHCI have been obtained over an extended temperature 
range between 293 and 720 K. The data are listed in Table 9 and shown in 
Figure 9. Random error limits (±2cr) are less than 20% in most cases
excluding the systematic error described above.
Table 9
Absolute Rate Coefficients (ki,2] for OH + trans-1,2-CHCI=CHCI
T(K)
1012-ki,2-i 11
(cm -molecule’ -s') T(K)
10'<ku2
3 11(cm -molecule’ -s’)
293 2.281 ±0.164 610 2.080 ±0.314
293 2.204 ±0.145 650 2.167 ±0.243
330 2.072 ±0.133 660 2.309 ±0.105
340 1.949 ±0.060 700 2.187 ±0.302
380 2.143 ±0.092 700 2.478 ± 0.092
440 1.871 ±0.095 720 2.319 ±0.386
530 2.015 ±0.122
The previously collected experimental data for this reaction by other 
investigators [1,7,8,9] has not been conducted at temperatures greater than 
400 K (see Table 2 and Figure 2). The techniques used in collecting these 
data are the same as referenced above, and are described in Chapter 2. 
Examination of Figure 9 shows close agreement, within combined
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experimental uncertainties, between this work and previous measurements, 
for the full temperature range with a small amount of scatter.
1000/T (1/K)
Figure 9. Arrhenius plot of kinetic data for ki,2. Also shown are the results of 
previous studies, and a “best fit” modified-Arrhenius expression. 
Error bars denote ±2ct
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The rate coefficients obtained in this work also exhibited complex 
behavior with a near-zero or slightly negative temperature dependence 
between 298 K up to -500 K and a near-zero or slightly positive temperature
dependence above 500 K. The modified three-parameter Arrhenius fit 
yielded
k12(T) = (1.106 ±0.14) x 10"17 T(1715±0 05) exp{(720.185 ± 24.716) /T},
where ki,2 is in units of cm3 molecule'1 s'1 and T in K. Error limits are 2ct
values.
One of the previous studies [8] examined the effect of total pressure 
(from 5 to 50 torr) on the observed room-temperature second order rate 
constant for the reaction of OH with trans-1,2-CHCI=CHCI, and observed no 




Kinetic reaction modeling using mechanisms based upon fundamental 
thermodynamic and kinetic principles were used to more fully understand the 
chemical reaction of trans-1,2-CHCI=CHCI with OH radicals. One important 
requirement for reliable simulation of this system is accurate thermodynamic 
property data for the molecular and radical species in the chemical 
mechanism. This data allows determination of the thermodynamic feasibility 
of reaction pathways by allowing calculation of rate constants. The software 
available with MOPAC was used to simulate the molecule in space by 
specifying plausible initial guesses of the bond lengths and angles between 
the atoms that make up the molecule. The program itself rotates and 
stretches the atoms to determine the optimum configuration (lowest energy 
level). This molecule may then be adapted to simulate transition states by 
permitting an atom to leave the molecule, and calculating the thermodynamic 
properties for that point where the atom is almost disengaged.
The composite level ab initio calculation method, G3(MP2) [22], and 
Density Functional Theory (DFT) B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) 
were used to calculate thermodynamic properties of reactants, intermediate 
radicals, transition states (TSs), and products with the Gaussian 94 [23] and
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Gaussian 98 [24] computer codes. Gaussian 98 is the latest in the Gaussian 
series of electronic structure programs. Designed to model a broad range of 
molecular systems under a variety of conditions, it performs computations 
starting from the basic laws of quantum mechanics. It can predict energies, 
molecular structures, vibrational frequencies along with the numerous 
molecular properties that are derived from these three basic computation 
types for systems in the gas phase and in solution. Gaussian can model 
them in both their ground state and excited states and can predict both 
equilibrium geometries and the structures of transition states. Efficient 
geometry optimizations use the gradient (first derivative) of the energy, and 
analytic gradients are available in Gaussian 98 for a variety of methods, 
including Hartree-Fock theory, all DFT methods, MP2, MP4(SDQ) and 
QCISD. Geometry optimizations may also be performed using the ONIOM 
facility. G3(MP2) uses HF/6-31G(d) Level of theory to calculate frequencies 
and zero point energy (ZPEs), followed by MP2(full)/6-31G(d)and 
MP2(fc)/G3MP2large for the higher energy correction [22],
The enthalpies of formation of the reactants are obtained from the 
literature [25,26], The enthalpies of formation at 298 K for intermediates and 
products are determined by the energy differences from the reactants, 
calculated by G3(MP2) [22], Zero point energy (ZPE) and thermal correction 
to 298 K are incorporated to estimate enthalpies of formation [27], The 
activation energies, except for the addition entrance channel C.HCICHCI-OH
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were determined by the relative energy differences between each respective 
intermediate and TS whose energies were calculated by B3LYP/6- 
311+G(3df,2p)//B3LYP/6-31G(d) level of theory. QDISD(T)/6-31G(d) 
calculation, which is one of G3(MP2) calculation steps, was not successful for 
several TSs and necessitated the use of DFT. Entropy and heat capacity are 
calculated based on calculated moments of inertia and frequencies using
statistical mechanics.
For the reactions where thermodynamic properties of transition states 
are calculated by ab initio methods, k’s were fitted by three parameters, A, n, 
and B, over a temperature range of 298 to 2000 K. Forward rate expressions 
and ratio expressions of forward rate to reverse rate (Af/Ar) were calculated 
using the sub-program AFACT2G2. Input data had been put in the proper 
format by the THERMFIT subprogram. AFACT2G2 calculates the rates using 
quantum mechanics to determine the required polynomial expressions to 
allow estimation of reaction modeling with respect to temperature and 
pressure as expressed below:
k(T) = A Tn exp(-B/RT) (12)
where: k = rate constant as a function of temperature
A = A factor
n = temperature exponent for A factor
B = exponential term
R = gas constant (1.987 calmole'1 K'1)
T = temperature (K)
High pressure limit A-factors of unimolecular reactions were calculated using 
transition state theory TST [28] along with ab initio data for the determination
42
of the structure, and vibrational and rotational contributions to the entropies of 
the TSs. Loss (or gain) of internal rotors and change of optical isomer and 
symmetry numbers were also incorporated into the calculation of entropy for 
each TS. Entropies of reactants and TSs were then used to determine the 
pre-exponential factor, A, via classical TST for a unimolecular reaction:
A = (ekbT/h) exp(AS*/R) (13)
where h is Plank’s constant, kb is the Boltzmann constant, and AS* is equal to 
S°298,ts- S° reactant- A Quantum RRK analysis [29-31] for k(E), combined with 
the modified p collision analysis of Gilbert et al [32] was used to predict
pressure dependent rate constants. All the modeling procedures were 
performed under the supervision of Dr. Takahiro Yamada, a research scientist 
with the Environmental Sciences and Engineering Group at UDRI.
Modeling Results of the Reaction of trans-1,2-CHCI=CHCI with OH
Table 12 presents the high-pressure-limit Arrhenius parameters for the 
various pathways. The potential energy diagram for the predicted 
intermediates and subsequent products is shown in Figure 12 as well. 
Referring to Figure 12, both the hydrogen abstraction channel (with energy 
barrier of 3.3 kcal/mol) and various OH addition reaction channels are shown.
A discussion of each channel follows.
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The stabilized OH addition adduct {C.HCICHCI(OH)}, see Figure 10 
and table 10, may undergo a Cl atom shift to form the isomer 
CHCl2HC.H(OH), see Figure 11 and table 11, followed by dissociation to give
Figure 10. MP2(full)/6-31 G(d) Determined Geometry C.HCICHCIOH
Table 10'
The stabilized adduct bond lengths and angles
Bond Length (A°) Bond Angle (Deg.)
C1-C2 1.473 ZC2C1H3 119.89
C1-H3 1.081 ZC2C1CI4 119.37
C1-CI4 1.697 ZC1C2O5 106.95
C2-O5 1.389 Z C2O5H6 108.23







Figure 11. MP2(full)/6-31 G(d) Determined Geometry Cy
<!hcichLoh
Table 11
The Cl-Shift transition state bond lengths and 
angles
Bond Length (A°) Bond Angle (Deg.)
C1-C2 1.367 ZC2C1CI4 121.79
C1-CI4 1.698 ZC2C1H5 122.20
C1-H5 1.083 ZC1C2CI3 69.00
C1-CI3 2.629 ZC2CI3C1 35.50
C2-CI3 2.388 ZC2C1CI3 75.50
C2-O6 1.331 ZC1C2O6 124.79
C2-H8 1.084 ZC1C2H8 121.00





the product CHCI=CHOH + Cl, or directly dissociate to form the same 
product. Also, the stabilized adduct may transform through the hydrogen 
elimination channel which has an activation energy of 41.5 kcal/mol or 
isomerize by allowing the H-atom shift between the O and the C(1) atoms 
through the cyclic transition state to form the isomer (CH2CICHCIO.). This H- 
shift has an activation energy of 37.9 kcal/mol. The isomer (CH2CICHCIO.) 
may dissociate directly to eliminate the Cl atom and produce CH2CICHO or 
dissociate to produce CH2CICCIO + H by eliminating H-atom (Ea=21.4 
kcal/mol). The C-C bond of the isomer CH2CICHCIO. could be broken to form 
CHCIO and the radical C.H2CI, but it passes through the transition state 
CH2CI—CHCIO. which has an activation energy Ea=28.8 Kcal/mol.
Based on energetic and entropic considerations, the H-abstraction 
channel is not favored due to both the energy barrier and the very low A- 
factor of this reaction. The H-dissociation channel has a high activation 
energy (41.5 kcal/mol), so it is not favored. In addition this channel is 
governed by the entropy change between the transition state and the 
stabilized adduct which shows very low entropy change and consequently a 
very low A-factor. The isomerization channel between the stabilized adduct 
C.HCICHCI(OH) and the isomer CH2CICHCIO. is not favored due to the high 
activation energy of the transition state (37.9 kcal/mol). The mechanism of the 
related channels like Cl- and H-elimination and C-C fission depend on this 
initial rate and are thus not important. So the predicted dominant primary 
product is CHCI=CHOH through Cl elimination by the direct path (Ea = 22.8
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kcal/mol) from the stabilized adduct (C.HCICHCI(OH)) or through indirect 
paths involving the intermediate radical C.HCICHCI(OH) (Ea = 9.80 kcal/mol) 
which allow the Cl atom migration from C (2) atom to C(1), see Figure 11, and 
produce the same dominant product CHCI=CHOH.
CHCI=CHCI+OH
Figure 12. Potential energy diagram for the OH addition to trans-1,2- 
CHCI=CHCI. Adduct stabilization, isomerization, H-, and 




Rate Constants For OH Addition to trans-CHCI=CHCI
Reactions A (s''or cm7(mol s) n B (kcal/mol)
1 CHC1CHC1+OH—>C.HC1CHC1(OH) 1.20E+12 0.00 0.00
-1 C.HCICHCI(OH) —»CHC1CHC1+OH 8.66E+I2 0.00 45.40
2 C.HCICHCI(OH) -> CC12HC.H(OH) 8.70E+14 -0.93 11.03
-2 CC12HC.H(OH) —>C,HC1CHC1(OH) 1.95E+12 0.12 7.76
3 C.HCICHCI(OH) -»CH2C1CHC1O* 1.23E+I2 -0.32 38.54
-3 CHjCICHClO* —»C.HC1CHC1(OH) 1.05E+13 -0.43 28.00
4 C.HCICHCI(OH) —>CHC1=CHOH+C1 I.30E+13 0.00 22.20
5 C.HCICHCI(OH) -»CHC1=CC1OH+H 1.11E+10 1.04 40.50
6 CH2C1CHC1O’ -> CH2C1CHO+C1 1.30E+13 0.00 2.20
7 CH2C1CHC1O’ -> CH2C1 + CHC1O 5.90E+11 0.67 13.60
8 CH2C1CHC1O’ -> CH2C1CC1O + H 8.94E+09 1.19 21.40
9 CHC12C.HOH -> CHC1=CHOH + Cl 1.30E+13 0.00 19.60
10CHC1=CHC1+OH ->CHC1=C.C1+ H2O 4.01E-01 3.25 1.97
Figure 13 shows the comparison of the modified Arrhenius fit to the 
data with the QRRK predicted expression at p = 1 atm. The fit between the 
two expressions matches at room temperature. However the QRRK 
expression shows a temperature independent rate expression, whereas the 
modified Arrhenius fit shows a slightly negative temperature dependent rate 
expression up to -500 K and then increases slowly as the temperature 
increases further. This difference between the two expressions is due to the 
assumption made in the initial OH addition entrance channel. The A-factor, n, 
and B for the entrance channel were selected as 1.2 x 1012 (cm3/mol s), 0, 
and 0, respectively. This rate was based on the previous work of the other 
investigators [7,8,9] and the failure of advanced variational TST calculational 
methods to provide a reasonable prediction of the entrance channel rate. The
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reason for this discrepancy is unclear at this time. Specific temperature- 
dependent rate constants for the various paths are shown in Figure 13. The 
formation of CHCI=CHOH (Iq) through Cl elimination dominates the predicted 
rate and shows agreement with the experimental three-parameter rate 
expression. The H elimination path to form CHCI=CCIOH (k5) is insignificant 
at temperatures below 1000 K. Hydrogen abstraction (kw) and the reverse 
reaction (k-i) channels are minor pathways below 2000 K. However the 
modeling results of Zhu et al [17], see Figure 13, indicated that the H- 
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Figure 13. Arrhenius plot of QRRK modeling results at (p=1.0 atm) for the 
OH addition to the C-atom of the trans-1,2-CHCI=CHCI. Also 
shown is the H-abstraction channel calculated in this work and 
the H abstraction channel calculated by Zhu et al. [17] using the 
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Figure 14. QRRK determined reaction rate constants as a function of
pressure and temperature for the addition of OH to the carbon 
atom of the trans-1,2-CHCI=CHCI.
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The stabilized adduct C.HCICHCI(OH) (ki), is the only path that shows a
negative temperature dependence and though it is a substantial dependence, 
it has a relatively small rate. The overall reaction is not a function of pressure, 
nor is the dominant Cl elimination channel pressure dependent as illustrated 
in Figure 14.
The theoretical results agree well with the prior results. Zhang et al. [8] 
suggested that the reaction of OH with cis/trans-1,2-dichloroethenes leads to 
the elimination of a Cl atom and the formation of 1-hydroxy-2-chloroethene 
which is consistent with the product studies of Tuazon et al [9].
Discussion of the reaction 1,1-CH2=CCI2 + OH Results
Theoretical modeling of the reaction of 1,1-CH2=CCl2 with OH radicals 
is beyond the scope of this thesis. The absolute rate coefficients (kit1) were 
obtained over an extended temperature ranges between 291 and 750 K (see 
Table 8 and Figure 8). These measurements can be divided into three distinct 
regions, below 640 K, between 640 and 700 K, and from 700 to 750 K. At 
temperatures below 640 K, a negative temperature dependence was 
observed. The negative temperature dependence of the addition reaction can 
be rationalized with a double transition state reaction model [7]. In this model, 
the first loose transition state involves electrophilic OH attack on the electrons 
perpendicular to the molecular plane, forming a weakly bound, dipole-induced 
dipole complex. As the OH migrates to a carbon atom, changing the 
hybridization from sp2 to sp3, the second tight transition state is formed.
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Since it is believed that the energy of the second transition state is less than 
the first, and the density of states rises much more rapidly in the first 
transition state than the second, the rate of the reverse adduct decomposition 
reaction increases more rapidly with increasing temperature than does the
forward reaction.
The rapid fall-off in the rate observed at higher temperature infers the 
existence of different reaction channels. At elevated temperatures, the 
thermal back decomposition of the thermalized OH-1,1-dichloroethene 
adducts to reactants will become sufficiently rapid [33] so that, unless these 
adducts rearrange and/or decompose more rapidly by other channels, the OH 
addition channel will become of no consequence. The drop-off in rate
observed between 640 and 700 K is attributed to this back reaction. The
discontinuity in the reaction rate constant at this elevated temperature further 
reflects the insignificance of Cl-atom elimination channels and that OH 
addition likely occurs predominantly at the p-position. Apparently, Im­
migration of OH is too slow, even at elevated temperatures [1]. At 
temperatures above 700 K, H-atom abstraction channel is likely to occur and 
the reaction rate will exhibit a significant positive temperature dependence, 
consistent with experimental observations. Comprehensive modeling of this 
system will cast further insight on the dominant reaction channels for this 




Experimental measurements of the gas-phase reaction OH with trans- 
1,2-CHCI=CHCI (ki,2) using the LP-LIF technique were in good agreement 
with the results of previous studies. A modified Arrhenius fit best describes 
the new data obtained over an extended temperature range (291 - 720 K). 
The rate coefficients obtained in this work also exhibited complex behavior 
with a near-zero or slightly negative temperature dependence between 298 K 
up to -500 K and a near-zero or slightly positive temperature dependence
above 500 K. The modified three-parameter Arrhenius fit yielded
k12(T) = (1.106 ± 0.14) x 10'17 T(1 715±0 05)exp{(720.185 ± 24.716) /T},
where k1i2 is in units of cm3 molecule'1 s'1. Error limits are 2ct values.
Theoretical calculations indicate that this reaction involves a
chemically activated system. The lack of observed pressure dependence in 
previous studies is consistent with this analysis. Adduct stabilization and Cl 
elimination yielding 1-hydroxy-2-chloroethene are the dominant reaction
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channels at room temperature. At higher temperatures the dominant reaction 
is the formation of dichloroethenol by Cl elimination. H abstraction and the 
reverse reaction are minor pathways below 750 K.
The experimentally determined rate coefficients for the gas-phase 
reaction of OH with 1,1- CH2CCI2 (ku) over an extended temperature range 
(291-750 K) were in excellent agreement with prior data obtained between
298 and 440 K. The rate coefficient measurements of this work exhibited
complex behavior with a negative temperature dependence at temperatures 
below 640 K and a rapid fall-off in rate at temperatures between 640 and 700 
K, rapid increase above 700 K. Addition reaction dominates at low 
temperatures, reverse reaction is dominant pathway at elevated 
temperatures. Discontinuity in reaction rate reflects the insignificance in Cl- 
elimination channels, OH addition likely occurs at the p-position. At
temperatures above 700 K, H-abstraction channel likely occurs and the 
reaction rate will exhibit a significant positive temperature dependence, 
consistent with experimental observations. Comparing ku and k-i>2 values, k^ 
are greater than ki,2 by a factor of 4 to 5.
In the collection of this data, some improvements to the system were 
made. Thermally-generated OH radicals above 700 K were reduced slightly 
by increasing the operating overall gas flow rate. This procedure helped in 
collecting data at temperatures up to 750 K. The thermal dissociation of 
HONO continued to be a problem at temperatures exceeding 750 K. Further 
research is needed to determine an acceptable precursor for high
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temperature testing. Experiments using N2O/H2O mixtures as the OH source 
using 193 nm radiation were not successful due to reactant photolysis.
For trans-1,2-CHCI=CHCI, the rate constants measured and calculated
theoretically show substantial agreement. The predicted reaction mechanisms 
at elevated temperatures need experimental verification. For 1,1-CH2=CCI2, 
high level ab initio calculation is recommended to evaluate the experimental
results. It would also be useful to examine the rate for a deuterated CD2=CCI2 
compound at elevated temperature range to evaluate the expected hydrogen 
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INTRODUCTION
Past and present manufacturing and disposal practices have resulted in 
the release of trichloroethylene into the atmosphere at significant rates. The 
amount of this highly volatile compound emitted in the U.S. alone has been 
estimated to be ~2.5x 105 metric tons annually.1 Knowledge of reactions 
facilitating the breakdown of this compound is necessary to both predict the 
natural decomposition that is occurring in the atmosphere and determine 
appropriate disposal practices.
The dominant atmospheric loss reaction is expected to be the reaction 
with OH radicals since chloroethenes do not absorb radiation at wavelengths > 
300 nm, nor do they react significantly with O3 or NO3 in the gas phase.2 Rate 
constants at low temperatures (220 K to 430 K) have been reported previously, 
and the work reported here validates those rate expressions.3'6 High 
temperature incineration is considered to be the best available technology for the 
safe disposal of these toxic compounds. The fastest process contributing to the 
destruction of halogenated hydrocarbons is the reaction with OH radicals.7,8 
Given the importance of high-temperature reaction of the OH radical with 
chloroethenes both in natural and planned decomposition, knowledge of the 
reaction rate constants and reaction mechanisms over an extended temperature 
range is essential to predict the true nature of the breakdown of these 
compounds.
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EXPERIMENTAL APPROACH AND DATA REDUCTION
The experimental procedures were similar to those used in previous 
studies of the reaction of OH radicals with halogenated hydrocarbons.9,10 The 
method used to generate the precursor for the hydroxyl radical varied from 
previous experimentation. Initial testing of C2HCI3 was performed using 193 nm 
photolysis of N2O/H2O as the OH source, as had been done previously. The 
resulting room-temperature rate measurements exceeded previously reported 
values by a factor of two.3'6 Because of the large absorption cross-section of 
C2HCI3 (~5 x 10'18 cm2/molecule),11 additional measurements were conducted at 
low excimer laser fluences (<1 mJ cm'2), with no observed reduction in rate 
coefficients. These results made operation at 193 nm unacceptable and 
necessitated the use of a different OH generation method. To minimize 
substrate photolysis, HONO was used as a hydroxyl radical source, which 
dissociated to NO and OH when exposed to near-UV radiation of 351 nm. A XeF 
excimer laser (Lamba Physik Compex Model 102) was used as the 
photodissociation source. Initial [OH]0 ranged from ~2 - 4 x 1011 molecules cm' 
3, and was determined based on the measured excimer fluence (9-18 mJ cm'2), 
the published value of the absorption cross-section for HONO, 2.12 x 10'19 
cm2/molecule at 351 nm,12 a quantum yield of 1.0,13 and measured values of 
[NO2'] taken to represent [HONO] determined using ion chromatography (~5 x 
1013 molecules cm'3).
Initial C2HCI3 concentrations ranged from ~3 x 1013 to ~6 x 1014 molecules 
cm'3. All experiments were conducted at a total pressure of 740 ± 10 Torr. 
Samples of C2HCI3 were obtained from Aldrich with 99.9% purity. Gas 
chromatography-mass spectrometry (GC/MS) analyses indicated that this purity 
was met or exceeded.
The rate of disappearance of the OH may be presented as:
-d[OH]/dt = k[Ao][OH] + kd[OH]
where: k = bimolecular rate constant,
Ao= C2HCI3 concentration,
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kd = first-order rate for the reaction of OH with impurities; considers 
diffusion out of the reaction volume.
This relationship holds in the absence of any secondary reactions that may form 
or deplete OH. Solution of this equation yields [OH] = [OH]o exp(-k’t), where k’ = 
k + kd. For all experiments, reactive and diffusive OH radical decay profiles 
exhibited exponential behavior and were fitted by the following nonlinear 
expression:
[OH] = [OH]o exp(-k’t) + y
where y is the constant background signal level and t is the time delay between 
the two lasers. Because the C2HCI3 concentration was much greater than the 
[OH], pseudo first-order exponential OH decays were observed and the individual 
temperature dependent rate constants were determined by k’ = k [C2HCI3] + kd, 
where the bimolecular rate constant, k, is the slope of the least squares fit of k’ 
versus the [C2HCI3]. OH decays were observed over two to three decay lifetimes 
over a time interval of 0.1 to 20.0 ms.
RESULTS AND DISCUSSION
Absolute rate coefficients for k1 are presented in Table 1. Random error 
limits (±2ct) were well below 20% in most cases.
Table 1: Absolute Rate Coefficients for k-ia
Tern 10'zk1 Tern 10lzk!
P (cm3 molecule'1 P (cm3 molecule'1
(K) s'1) (K) s'1)
291 1.81±0.26 500 1.37±0.3£
292 1.49±0.18 500 1.6210.5015
292 1.61±0.40b 502 1.37±0.32
293 1.70±0.28 505 1.23±0.18
294 1.55±0.22 508 1.37±0.32
326 1.56±0.14 562 1.22±0.20
330 1.50±0.18 621 1.40±0.22
356 1,44±0.22 650 1.28±0.34
410 1.40±0.20 699 1.35±0.30b
417 1.41±0.22 709 1.67±0.12
422 1.38±0.32 719 1.64±0.26
467 1.40±0.10
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a Errors represent ±2ct and do not include the 5-10% uncertainty estimated for 
possible systematic errors. 
b C2DCI3.
When identifying possible side reactions, two reactions of concern are hydroxyl 
and/or a C2HCI3 reaction with excess HCI and H2O. These two compounds were 
present in the system as carryovers from the HONO reactor. These and other 
possible side reactions were simulated numerically using reaction rate constants 
published in the NIST Chemical Kinetics Database.14 The results of this analysis 
indicated that side reactions would not impact significantly on the reaction under 
observation with the input concentrations used. In the absence of reactant 
impurities, sources of systematic error were then limited to thermally-induced 
secondary reactions. The possibility of thermally-induced side products was 
investigated by varying the total gas flow rate, ki was found to be independent of 
the residence time in the mid to high-temperature regions, implying a lack of 
thermal reaction of the substrates in this zone. Above 720 K, an excess of OH 
radical generation in the absence of the photolytic laser pulse was observed, and 
OH decays were not measurable.
All known experimental measurements for ki are summarized in Figure 1. 
This work extends experimental measurement beyond the limit of -430 K 
reported previously. A variety of techniques were used in collecting these data. 
Examination of Figure 1 shows agreement at room temperature, within combined 
experimental uncertainties, between our work and that reported previously.3"6 
(Data collected using the relative rate method has not been included in our 
comparison.) A three-parameter Arrhenius fit yielded ki(T) = (8.97±0.42) x 10"19 
T2 °exp(901.3±19.2)/T, where k is in units of cm3 molecule"1 s'1.
The complex temperature dependence of the data is qualitatively 
consistent with variational transition state theory (VTST) calculations of the 
entrance channel for the addition of OH to the H substituted side of the double 
bond of the substrate, which is based on PMP4/6-311+G(d,p) energies, the 
dominant site for addition.6 These calculations exhibit a negative temperature
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dependence at low temperatures followed by a transition to a positive 
temperature dependence above ~500 K. The calculated transition state is below 
the total energy of the reactants and is responsible for the negative temperature 
dependence at low temperatures. The transition to a positive temperature 
dependence at higher temperatures is due to the increasing importance of the 
partition function that characterizes the transition state relative to the reactants. 
Rate coefficient measurements with C2DCI3 at 292, 500, and 699 K did not 
exhibit a measurable isotope effect, indicating the absence of H atom abstraction 
reactions.
In addition to empirically predicting the reaction rate expression for the 
reaction of C2HCI3 with the hydroxyl radical, the reaction pathways and kinetics 
were analyzed using thermodynamic properties. The potential energy diagram 
for these intermediate states and subsequent products is shown in Figures 2 for 
OH radical attack at the (CHCI) site of the substrate. The potential energy 
surface was evaluated using group additivity (GA) method and semi-empirical 
molecular orbital (MO) method PM3.15 The THERM computer code16 was used 
to perform GA calculation and MOPAC computer code17 was used to perform 
PM3. The energy level of reactants was obtained from literature18,19 and those of 
intermediate radicals and products were obtained using THERM. All of activation 
energies, Eas, except entrance channel were estimated by taking a difference 
between enthalpies of formation (Hf°298) of reactant and its transition state (TS) 
determined by PM3 calculation.
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Figure 1. Arrhenius plot of kinetic data for kv Also shown are the results of 
previous studies, a modified Arrhenius three-parameter expression, and the 
results of variational transition state theory calculations. (P=740±10 Torr)
kcal/mol
-40 -
Figure 2. Potential energy diagrams for the OH addition to C2HCI3 (a-site). 
Adduct stabilization, isomerization, H- and Cl-atom elimination channels are 
shown. Surface was evaluated using GA for the intermediate radicals and 
products and PM3 for Ea estimation.
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